Modulation of heart rate (HR) during transient hyperoxia, hypoxia, and hypercapnia was studied in 46 healthy term infants on 103 occasions (postnatal d 2 to 82). Twenty-three infants had smoking mothers (median, 11 cigarettes/d). Transient chemoreceptor stimuli (100% O 2 , 15% O 2 , or 3% CO 2 ) were presented repeatedly during quiet sleep. Beat-by-beat HR and breath-bybreath ventilation were recorded continuously. The coherently averaged HR and ventilation responses to each stimulus were calculated for each infant at each age. Outcome variables (HR change from baseline to end of stimulation, maximum HR change, and time to half-maximum) were analyzed by ANOVA. Overall, HR declined during hyperoxia (median change, 4.2 beats/min) and rose during hypoxia (median change, 4.2 beats/ min) and hypercapnia (median change, 4.6 beats/min). The percentage change in HR was positively correlated with the percentage change in ventilation (p Ͻ 0.001). Increasing number of cigarettes smoked by the mother was correlated with deeper HR declines and smaller HR rises (p ϭ 0.02). For the population as a whole, the HR response lagged 3.8 s behind the ventilatory response during hyperoxia and hypoxia (p Ͻ 0.001), whereas during hypercapnia there was no significant lag. The lag in HR response in the smoke-exposed group was 2.5 s greater than that in the control group for all three stimuli (p ϭ 0.001), and the difference increased with the number of cigarettes smoked by the mother (p Ͻ 0.01). Both pulmonary reflexes and the type of the chemoreceptor stimulus seemed to influence HR. In fetal life, peripheral chemoreceptor stimulation by hypoxia or hypercapnia produces bradycardia and peripheral vasoconstriction (1, 2). After birth, however, the same stimuli cause hyperventilation, tachycardia, and peripheral vasodilation (3-5). These responses are thought to result from an interaction of reflexes. The primary cardiac effect of chemoreceptor stimulation is bradycardia, mediated via the vagal innervation of the heart. However, a concomitant increase in V E will increase lung stretch receptor activity, give slight hypocapnia, and affect central respiratory neurons, and these responses together cause an overriding tachycardia. This interaction has been described in a number of species, including primates (4 -8).
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In fetal life, peripheral chemoreceptor stimulation by hypoxia or hypercapnia produces bradycardia and peripheral vasoconstriction (1, 2) . After birth, however, the same stimuli cause hyperventilation, tachycardia, and peripheral vasodilation (3) (4) (5) . These responses are thought to result from an interaction of reflexes. The primary cardiac effect of chemoreceptor stimulation is bradycardia, mediated via the vagal innervation of the heart. However, a concomitant increase in V E will increase lung stretch receptor activity, give slight hypocapnia, and affect central respiratory neurons, and these responses together cause an overriding tachycardia. This interaction has been described in a number of species, including primates (4 -8) .
In anesthetized animals, elaborate experiments can be performed in which marked changes in arterial O 2 and CO 2 content are introduced or the peripheral chemoreceptors are stimulated chemically or electrically. Cardiovascular effects may then be assessed while V E is kept constant, the degree of lung inflation is controlled, or pulmonary afferent nerves are cut or pharmacologically blocked. It is not possible to achieve a similar level of control in noninvasive studies in humans. However, trained subjects can voluntarily keep their V E constant, and in some pathologic conditions breathing movements are temporarily absent. Experiments making use of these phenomena have given more indirect indications of an interaction between the effects of chemoreceptor activity and lung inflation on HR in healthy adults (9) , in adult ventilator-requiring quadriplegics (10, 11) , and in preterm infants during apnea (12) . In healthy uncooperating subjects, the different physiologic effects are more difficult to isolate. The effect on HR of chemoreceptor input and lung inflation in infants has mainly been studied during long-term changes in inspiratory gas, approaching steady-state conditions (13) (14) (15) (16) (17) .
Our first hypothesis in this study was that infant HR modulation during a transient ventilatory chemoresponse differs according to whether the response was elicited by changes in the fraction of inspired O 2 or by changes in CO 2 . The timing of experiments was selected to enable detection of any maturation of responses during the first few weeks of life. Peripheral chemoreceptors undergo a marked postnatal resetting of oxygen sensitivity (18) , but little is known about whether this rapid development affects the cardiovascular branch of the chemoreceptor reflex or its interplay with other reflexes.
Our second hypothesis was that the magnitude or timecourse of infant HR responses to transient chemoreceptor stimuli are modified by maternal smoking during pregnancy. Nicotine has been shown to affect both peripheral chemoreceptor and central nervous transmitter level and turnover (19 -21) . Prenatal nicotine exposure impaired the cardiac response to hypoxia in newborn rats (22) , and habitual smokers displayed altered cardiorespiratory reflexes (23) (24) (25) (26) .
Because this study looked at healthy term infants during normal sleep, it was clearly not possible to standardize basal HR, basal breathing pattern, and the magnitude of the ventilatory response to the chemoreceptor stimulus. We therefore attempted to use statistical methods to separate the effect of different inputs on the integrated HR response.
METHODS

Subjects.
Twenty-three randomly selected infants of women who reported having smoked Ն1 cigarette per day throughout pregnancy were recruited, together with 23 control infants born to nonsmokers. Inclusion criteria were healthy infant, birth weight Ն2500 g, Apgar scores Ն8 at 1 and 5 min, spontaneous vaginal delivery to term, and uncomplicated pregnancy. Exclusion criteria were any chronic maternal illness, receptoractive medication during pregnancy, and alcohol or illicit drug abuse. Eligibility for and use of prenatal health care were uniform in the unselected population studied. Regional Ethics Committee approval and written informed consent from parents were obtained, and mothers were often present during experiments.
The 46 infants were divided into two study groups. Infant and maternal characteristics are listed in Table 1 . Smokeexposed and control infants did not differ with respect to maternal age, gestational age, birth weight, or postnatal age at the times of study. The two study groups received different chemoreceptor stimuli and were investigated at different postnatal ages (Table 2) . Our findings on the development of ventilatory responses to changing oxygen level in group 1 has been published previously (27) . Four women, all nonsmokers, declined to participate.
Mothers were asked to estimate the daily number of cigarettes smoked during pregnancy ( Table 1 ). The reported daily number of cigarettes smoked was always equal to or higher than the figure in the medical record, which was given at the first prenatal checkup at approximately 8 -10 wk of gestation. When asked to grade their exposure to passive smoking during pregnancy, 18 of 23 nonsmoking women reported no exposure, three infrequent exposure, two some degree of exposure, and zero reported heavy exposure. In contrast, eight of 23 smoking women reported heavy exposure to passive smoking (in addition to smoke from their own cigarettes). 22 of 23 smokers continued smoking throughout the study, and 20 of 23 smokers continued breast-feeding (as did all nonsmokers). Infant hair nicotine measurements were available for study group 1 (27) ; measurements at 10 wk of age showed no overlap between the exposure and the control groups, and good correlation with maternal reports of smoking (r 2 ϭ 0.63). We put no restrictions on smoking before the experiments.
Procedures. Full details of this method of assessing chemoreceptor reflexes in infants have been published previously (28) . The infants were studied during a daytime nap in a cot. Three-and 10-d-old infants in study group 1 lay in the lateral position; the others slept supine. Inspiratory gases were supplied through a light-weight, handheld face mask throughout the experiment. Gases were delivered dry at room temperature; the flow was 4.65 L/min for group 1 and 6.25 L/min for group 2. Computer-controlled electromagnetic valves allowed instantaneous switching between breathing gas mixtures of different composition. During a full sleep period, repeated chemoreceptor challenges were presented ( Table 2 ). The sequence of stimuli was block randomized if two kinds of stimulus were used in the same experiment. Response to hypercapnia was tested with 3% CO 2 
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INFANT HEART RATE CHEMORECEPTOR RESPONSE Beat-by-beat HR was determined from three-lead ECG. V E, VT, and fR were calculated for each breath cycle from a pneumotachograph connected to the mask (28) . For group 1, the signal of a strain-gauge band placed immediately above the umbilicus was used to calculate fR, VT was found as the peak-trough amplitude of the signal, and V E was expressed in arbitrary units per minute [fR ϫ VT] (27) . For group 2, continuous measurements of CO 2 and O 2 in front of the nostrils were obtained by infrared spectroscopy and paramagnetic method, respectively (Artema Multigas Monitor MM201, Stockholm, Sweden; sampling rate 150 mL/min). Timed gas valve status was stored together with the physiologic data.
Data selection. Epochs of quiet sleep were selected on the basis of behavioral criteria (29) . We discarded chemoreceptor stimulation periods in which a sigh disturbed the respiratory pattern for more than half of the 20 s immediately preceding stimulation or occurred within 30 s of the onset of stimulation. A sigh was defined as a breath cycle with a markedly higher peak-trough amplitude than the average breath in that epoch, followed by Ͼ5 s of apnea or extremely shallow breathing movements. Smaller sighs and exaggerated breaths were common components of the ventilatory responses to hypoxia and especially to hypercapnia, and did not result in exclusion of these responses from the results. Responses in which pneumotachograph recordings indicated that mask leakage had occurred were discarded. Gas analysis measurements were inspected to ensure that the inspired concentration of O 2 during hypoxic stimulation did not exceed 15% and that the inspired concentration of CO 2 during hypercapnic stimulation never fell below 3%. This would have happened if peak inspiratory flow had exceeded the flow of delivered breathing gas, resulting in dilution of the stimulus with room air. There was no such dilution during any accepted quiet sleep response.
Calculations. The beat-by-beat HR recordings were inspected, and artifacts due to T-wave triggering or single missed R waves were removed manually by interpolation. HR and ventilatory data were converted to 5-Hz time series before further calculations. The 5-Hz recordings in a time window from 50 s before to 150 s after the onset of each accepted stimulation period were aligned so that the onset of stimulus coincided, and were averaged (30) (Fig. 1) . Coherently averaged HR, V E, VT, and fR responses were calculated for each infant, age, and kind of stimulus.
Averaged responses were analyzed in a virtual instrument programmed in LabVIEW 5.0 (National Instruments Corp., Austin, TX, U.S.A.). The median value in the 20 s preceding stimulation was taken as the baseline value. As a robust measure of response magnitude, we used the median value in the period Ϯ5 s from the end of stimulation, normalized with respect to the baseline value. The time course of HR and V E responses was assessed after removal of high-frequency variation with a 20-order low-pass Butterworth filter with a cutoff frequency of 0.20 Hz. Time distortion of the signal was avoided by running the data forward and then backward again through the filter. The extreme HR and V E values and the time at which they occurred in the resulting filtered responses were determined automatically, the search being limited to the first 30 s after the start of stimulation. The value halfway between the baseline and the extreme value was computed, and its time of occurrence on the filtered curve was found. The virtual instrument was set to detect low extremes in data from hyperoxic stimulation and high extremes in data from hypoxic or , which allows repeated-measures ANOVA to be applied to unbalanced data sets with missing observations. We analyzed how the maximum HR response during transient chemoreceptor stimulation was affected by stimulus type; baseline HR and fR; maximum V E, VT, and fR response; number of cigarettes smoked per day by the mother; and age group. Median HR at the end of stimulation and the delay in appearance of the HR response relative to the V E response were analyzed for effects of the same independent variables. Age group was considered a categorical variable; the other independent variables were modeled as linear covariates. Analyses were also run with smoke exposure as a categorical (yes/no) variable.
RESULTS
On 103 occasions we obtained at least one accepted stimulation period during quiet sleep ( Table 2 ). The median number of stimulus repetitions was 6 (range, 1-13) for hyperoxia, 6 (range, 1-11) for hypoxia, and 6 (range, 1-10) for hypercapnia. Baseline HR differed significantly among postnatal ages (p Ͻ 0.001, Table 2 ) but was unaffected by smoke exposure. There was good correlation between the two variables used to estimate the magnitude of the HR response, i.e. the difference between the baseline and maximum response values and between the baseline value and the value at the end of stimulation (r 2 ϭ 0.88). Experiments started 63 min (range, 15-187 min) after the start of the preceding meal, similar for the two exposure groups. Proximity to a meal did not affect the measured variables.
Magnitude of HR changes during transient chemoreceptor stimulation. HR declined during hyperoxia and rose during hypoxia and hypercapnia. The maximum change in HR was positively correlated with the maximum change in V E (p Ͻ 0.001, Fig. 2) . Compared with the control group, the smokeexposed group tended to show larger HR declines when V E decreased (hyperoxia) and smaller HR rises when V E increased (hypoxia and hypercapnia) (p ϭ 0.05, Figs. 2 and 3) . When the number of cigarettes smoked by the mother was used as explanatory variable in the regression, the effect of smoking on maximum change in HR during chemoreceptor stimuli was found to be significant (p ϭ 0.022).
The above results were confirmed in the analysis of median HR at the end of stimulation (Table 3 ). This more robust measure of the HR response was positively correlated with the magnitude of the ventilatory response (p Ͻ 0.001) and negatively correlated with the number of cigarettes smoked by the mother (p ϭ 0.038). To ensure that the observed effect of exposure to cigarette smoke did not result solely from a few extreme responses, the material was divided in quartiles according to the magnitude of the HR decline during hyperoxia. The median number of cigarettes per day smoked by the mother increased from the first to the fourth quartile (10/d, 10/d, 12/d, and 15/d). Moreover, the proportion of smokers reporting heavy exposure to passive smoking was largest in the fourth quartile (0.42 as compared with 0.33, 0.29, and 0.27 in the first through third quartiles).
Stimulus type and postnatal age did not add any significant effect on the magnitude of the maximum HR response, probably because it depended so closely on the stimulus-and age-related V E response. Hyperoxia lowered HR by 3.7 beats/ min, 4.3 beats/min, and 4.8 beats/min at the three ages studied, paralleling the development of ventilatory responses (27) . Hypoxia for 15 s (wk 10) raised HR by 2.6 beats/min, whereas hypoxia for 20 s (wk 4) raised HR by 4.2 beats/min. Hypercapnia raised HR by 4.6 beats/min on d 2 and by 3.8 beats/min in wk 4. For hyperoxia and hypoxia, the smoke-exposed group's median change in HR was smaller than that of the control group at all ages tested (deeper HR declines and smaller HR rises). For hypercapnia, the smoke-exposed group's median HR rise was smaller than that of the control group at wk 4, but not at postnatal d 2. 
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INFANT HEART RATE CHEMORECEPTOR RESPONSE Basal HR and fR were also age-related, which may have been why neither affected the HR response significantly. V E changes were primarily achieved by changing VT (r 2 ϭ 0.82), not fR (r 2 ϭ 0.005). Therefore, with V E change included as an explanatory variable, neither VT nor fR change contributed to the model.
Timing of HR response relative to the V E response. The HR response followed the V E response after a delay, and the magnitude of this time lag depended on the stimulus type. For the study as a whole, the HR decline during hyperoxia and the HR rise during hypoxia lagged 3.8 s (95% confidence interval, 3.0 -4.7 s) behind the V E response, and there was no difference between the two stimuli (p ϭ 0.28). In contrast, the HR rise during hypercapnia was not delayed relative to the V E response, the median lag being 0.7 s (95% confidence interval, Ϫ0.9 to 2.4 s). This was significantly different from the lag during both hyperoxia (p Ͻ 0.001) and hypoxia (p ϭ 0.045).
The time lag between V E and HR responses was 2.5 s longer in the smoke-exposed group than in the control group (p ϭ 0.001). This difference was similar for all three chemoreceptor stimuli (Fig. 4) and for all postnatal ages tested. The magnitude of the time lag increased by approximately 0.2 s per cigarette per day smoked by the mother (p Ͻ 0.01). Postnatal age, basal HR and fR, and the magnitude of V E response did not affect the timing of the HR response.
Spontaneous oscillations in HR and V E.
In all but three runs, spontaneous oscillations in HR and V E were apparent in the filtered coherently averaged responses (Fig. 1) 
DISCUSSION
This study illustrates a close interplay between cardiac and respiratory reflexes in developing infants. We found that the relative time course of V E and HR responses differed according to whether the stimulus was a change in O 2 or CO 2 . Also, our findings indicate that aspects of cardiorespiratory control may be altered in apparently healthy term infants exposed to moderate levels of maternal cigarette smoke pre-and postnatally.
Mechanisms explaining the HR response to changes in inspiratory gases. The primary HR response to chemoreceptor stimulation by hypoxia or hypercapnia is bradycardia. However, the concurrent ventilatory response increases lung stretch receptor activity, which has the opposite effect on cardiac vagal motoneurons and causes an overriding tachycardia (4, 5) . Hyperoxia reduces chemoreceptor firing frequency and thereby lung stretch receptor activity, which together would be expected to decrease HR. This was elegantly demonstrated in healthy adults exposed to a transient hyperoxic relief from isoor hypercapnic hypoxia (9) . Ventilation declined while the HR response was biphasic, with a slight increase in HR preceding a later fall in HR.
In this study, the HR changes during changing chemoreceptor input corresponded well with the lung stretch receptorrelated HR responses reported in previous work. During transient hyperoxia, hypoxia, or hypercapnia, V E and HR were modulated in parallel (Fig. 1) . The magnitude of the change in HR depended on the magnitude of the change in V E, which was primarily achieved by changing VT. Analogously, adult subjects could eliminate or reduce the fall in HR during hyperoxia by purposely maintaining their breathing at the prestimulus level (9) . In cats, stepwise increases in lung volume progressively diminished arterial chemoreceptor-induced bradycardia (6) . When the magnitude of the V E response was controlled for, we were unable to detect any independent effect of stimulus type (i.e. hypoxia versus hypercapnia) on the magnitude of HR response.
Relative timing of the HR and V E responses. The timing of HR responses did depend on chemoreceptor stimulus type. When infants were challenged with hyperoxia or hypoxia, the ensuing HR response was delayed by 3.8 s relative to the V E response. Because of the computational methods used, this may even have been a slight underestimation of the true difference in timing between efferent nerve signals. Values of instantaneous V E and HR were assigned to the end of each breath and heart cycle, respectively, and breath cycles were approximately three times as long as heart cycles. Interestingly, the HR response during hypercapnia was not delayed relative to the V E response.
Various mechanisms may underlie the delay between the V E and the HR response. First, the delay may have corresponded Distribution of normalized HR responses to 20-s hypoxia (upper two curves) and 15-s hyperoxia (lower two curves) in infants exposed to maternal smoking (Smk, black triangles) and unexposed control infants (Ctrl, white triangles). During hypoxia, HR rises were smaller in the smoke-exposed group than in control infants for all responses Ͼ25th percentile. During hyperoxia, HR declines were deeper in the smoke-exposed group than in control infants for responses Ͻ25th percentile.
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to a period when the opposing influences of arterial chemoreceptors and lung stretch receptors on cardiac vagal motoneurons counterbalanced each other. Differences in stimulus strength may explain why adult subjects who experienced sudden hyperoxic relief from hypoxia displayed a biphasic HR response (9) , whereas infants in our study only displayed a delayed, V E-related HR response. The relative strengths of the interacting reflex arcs may also differ in infants and adults. Second, central nervous processing time may have contributed to the delay. The initial HR increase associated with sighs in infants appears approximately 3 s after the onset of inspiration (31) .
The lack of delay between the increases in V E and HR when the response was elicited by CO 2 requires further explanation. However, differences between carotid and aortic body chemoreceptors may be partly responsible. Aortic body chemoreceptors produce similar cardiovascular responses to carotid body chemoreceptors, but much smaller ventilatory responses (32) , and are relatively insensitive to changes in CO 2 (33, 34) . Thus, the direct chemoreceptor influence on cardiac vagal motoneurons may have been weaker during hypercapnia than during hypoxia and hyperoxia, allowing HR to rise simultaneously with V E.
Dose-dependent effects of cigarette smoke exposure. Baseline HR during air breathing showed clear changes with postnatal age, similar in the two exposure groups (Table 2 ). In contrast, the modulation of HR during transient changes in inspiratory O 2 and CO 2 was affected by cigarette smoke exposure in a dose-dependent manner. Analogously, neonatal rats exposed prenatally to nicotine equivalent to 20 cigarettes/d showed unaffected baseline HR but precipitous bradycardia during hypoxia (22) . Various mechanisms may underlie our findings, as nicotine has numerous sites of action. Chronic prenatal nicotine exposure markedly reduced norepinephrine turnover in rat brainstem, fore-, and midbrain (21); influenced gene expression of cholinergic nerve terminal markers as well as neuronal function (35); and altered mouse brain nicotinic binding sites (36) . In humans, nicotinic acetylcholine receptors in brainstem nuclei that are thought to regulate cardiorespiratory function were abundant by mid-gestation (37) .
A recent electrophysiologic study of cardiac vagal motoneurons may provide a more direct explanation. Nicotine was found to increase the excitability and efficacy of synaptic transmission in cardiac vagal motoneurons by at least three different mechanisms (38) . Thus, it is possible that nicotine exposure could promote the stimulating effect of chemoreceptor input on cardiac vagal motoneurons relative to the inhibiting effect of pulmonary afferent input. This could explain why smoke-exposed infants had substantially longer delays between the V E and HR responses for all three stimuli (Fig. 4) , and also why smoke-exposed infants showed deeper HR declines during stimuli that lowered V E and slightly smaller HR rises than control infants during stimuli that raised V E (Fig. 3 and Table  3 ).
Prenatal cigarette smoke exposure probably caused much of the observed effects. The increase in HR response delay in smoke-exposed infants was present already on postnatal d 2 and 3, its magnitude being similar to that observed later. HR response magnitude was also affected on postnatal d 3. Still, an additional effect of postnatal smoke exposure cannot be ruled out. All but one woman who had smoked during pregnancy continued smoking after delivery, and no reported nonsmoker started smoking during the study. Therefore, effects of postnatal exposure to maternal cigarette smoking could not be separated from the prenatal effects in our study.
In any given experiment, the effects of an unknown degree of short-term nicotine exposure were added to the effects of long-term exposure. This short-term exposure was difficult to quantify. Almost all smoking women claimed they never smoked in the same room as their infant. Concerning nicotine in mother's milk, proximity to the preceding meal did not affect the infants' HR responses. However, maternal smoking in the period before this meal was not registered in detail. 
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The observed effects of exposure to maternal cigarette smoking on cardiorespiratory control were probably not of clinical importance in these healthy term infants. Still, the effects were dose-dependent and consistent across type of chemoreceptor stimulus and direction of ventilatory change during a 3-month age span. Our findings are in accordance with previous work indicating that cigarette smoke exposure may influence autonomic nervous function even in apparently healthy individuals, both before birth (39) , in infants (40) , and in adults (23) (24) (25) (26) . In a situation with heavy exposure, individual high susceptibility, a vulnerable developmental period, or the presence of disease, it is possible that cigarette smoke exposure could affect infant HR control critically.
Extreme responders in our study may have represented particular combinations of acute exposure, individual vulnerability, and developmental immaturity. The four deepest HR declines (Fig. 2) were found in three 3-d-old infants and one 10-d-old infant who showed particularly strong V E responses for their age group (Ն88th percentile). In all infants in whom HR declined markedly, hyperoxia triggered an unstable, oscillatory pattern of both V E and HR (Fig. 5) . One infant who responded in this manner at 3 d of age had extremely periodic respiration during sleep at 10 d. However, no extreme responder showed atypically strong responses in later experiments.
Clinical situations in which our findings may be relevant are central or obstructive apneas (12) and the laryngeal reflex response (41) . In both situations, chemoreceptor input caused by rising hypoxia and hypercapnia will depress HR while stimulation of HR from the filling of lungs is absent. Whether cigarette smoke exposure could enhance this bradycardia warrants further investigation. Interestingly, prenatal cigarette smoke exposure has been shown to increase the incidence of obstructive apneas in healthy infants (42) . Infants with recurrent or severe apnea frequently showed a paradoxical decrease in HR during CO 2 challenge (17); however, exposure to nicotine was not reported in this study. Infant HR during a CO 2 challenge is of interest because CO 2 rebreathing during sleep has been suggested as a trigger factor in sudden infant death syndrome. Maternal smoking is the most consistent risk factor for sudden infant death syndrome.
In conclusion, we found that in apparently healthy term infants exposed to moderate levels of maternal smoking during an uncomplicated pregnancy, HR responses to transient changes in inspiratory gases were altered. We speculate that short-term nicotine effects and developmental immaturity may have enhanced the effects of long-term nicotine exposure in a few extreme responders. Further physiologic studies in healthy populations of infants are warranted. 
